Abstract. We review superconductivity in MgB 2 in terms of crystal and electronic structure, electron-phonon coupling, two-gap superconductivity and application. Finally, we introduce the development of new superconducting materials in related compounds.
the short period since the discovery of its high-T c superconductivity, a large number of experimental and theoretical works have been performed [13, 14] , and the interpretation of this superconductivity focuses on the metallic nature of the 2D layer formed by B atoms. Moreover, MgB 2 is a particularly attractive material for its multiple superconducting gaps which are caused by the characteristic electronic structure derived from 2D s-bands and 3D p-bands. Although multiple-gap superconductivity had been proposed theoretically by Suhl et al. [15] and since then, discussed in relation to other materials, for example, Nb-doped SrTiO 3 by Binnig et al. [16] , MgB 2 is the first material containing intrinsic multiple gaps, and many basic elements of multiple-gap superconductivity have been investigated from various experimental and theoretical aspects.
The enthusiasm caused by the discovery of superconductivity in MgB 2 [10] has led to a search for a new high-T c material in a similar system, containing light elements, B and C. Thus, we concentrated our interest on searching for new materials with high-T c , particularly in transition metal boride and carbide, and lanthanide carbide system.
Crystal and electronic structure
MgB 2 has the AlB 2 -type structure with a ¼ 3:08 and c ¼ 3:51 Å (space group: P6/mmm) [11] . In this structure, the characteristic 2D honeycomb layers formed by boron atoms are sandwiched by the triangular Mg layers, like intercalated graphite, as shown in Fig. 3(a) .
Each Mg atom is at the center of a hexagonal prism of boron atoms at a distance of 2.5 Å . Each boron atom is surrounded by three other boron atoms, forming an equilateral triangle at a distance of a= ffiffi ffi 3 p $ 1:78 Å , while the Mg--Mg distance in the plane is equal to the lattice parameter a. Because lattice parameters a and c in the AlB 2 -type structure are in the range of 3.0-3.2 Å and 3.0-4.0 Å , respectively, MgB 2 has the middle lattice parameter among this type of structure. The crystal structure of MgB 2 has been investigated by high-resolution neutron powder diffraction [17] [18] [19] and X-ray diffraction [20] [21] [22] [23] [24] [25] [26] . These experiments were mostly focused on the temperature dependence of lattice parameters and the lattice compression versus external pressure. The lattice parameters, a and c, observed by several research groups are basically in good agreement; 3.085-3.090 Å and 3.520-3.529 Å , respectively, at room temperature. The tiny differences may reflect some uncontrollable displacement of the B atom from the ideal position and/or a slight defect at the Mg site. MgB 2 remains a hexagonal unit to the lowest temperature of 2 K or the highest pressure of 40 GPa, and no sign of structural transition was observed. The results reported by Jorgensen et al. [17] , Margadonna et al. [18] and Oikawa et al. [19] are basically in good agreement with each other in terms of lattice thermal expansion. The anisotropy between a-and c-axis corresponds to a difference in the bond strength; the B--B bonds are more rigid than the Mg--B bonds. Jorgensen et al. also pointed out that there is a small hump in the variation of the lattice parameter along the aaxis at around T c (Da=a % 1:6 Â 10 À5 ), while no hump exists along the c-axis. They speculated that these behaviors are related to the change of B--B bonding for superconductivity. Margadonna et al. observed a slope discontinuity in the expansion along the c-axis just above T c (Dc=c % 4:0 Â 10 À5 ), but not along the a-axis. However, Oikawa et al. did not observe any anomaly in the temperature dependence of either lattice parameter or the unit cell volume around T c . The difference in these experimental results might be ascribed to the technical reasons (diffractometer aliment, data handling etc.) and the sample preparation process, which affects the stoichiometry, and structural properties such as imperfect stacking. Green and blue cylinders (holelike) come from the bonding p x; y bands, the blue tubular network (holelike) from the bonding p z bands, and the red (electron-like) tubular network from the antibonding p z band (adopted from Ref. [27] ).
Despite its crystal structure being similar to that of a graphite intercalated compound, MgB 2 has a qualitatively different and uncommon structure of the conducting states. The band structure of MgB 2 , which has been calculated by several groups [27] [28] [29] [30] , is similar to that of graphite, and is formed by three bonding s bands (in-plane sp x p y hybridization) and two p bands (bonding and antibonding; p z hybridization) (see Fig. 4(a) ). MgB 2 has two imperfectly filled s bands, and these s bands correspond to the sp 2 -hybrid bonding within the 2D honeycomb layer. The holes of s bands along the GA line localized within the 2D boron layer manifest 2D properties. In contrast, the electrons and holes in 3D p bands are delocalized. The 2D s bands and 3D p bands at E F contribute equally to the total density of states, while 2D s bands have a strong interaction with longitudinal vibrations within the 2D boron layer. Moreover, because k z dispersion of s bands is weak, two cylindrical sheets appear around the GA line (see Fig. 4(b) ). On the other hand, p bands form two tubular networks: an antibonding electron-type and a bonding hole-type sheet. These two sheets touch at one point on the KH line.
An investigation of the charge density distribution would give a better understanding of how the superconductivity is related to the electronic and crystal structures of MgB 2 . Accurate charge densities in MgB 2 were yielded from precise X-ray structure analysis by Nishibori et al. x ¼ 0:045) [31] . The charge density distribution revealed a strong B--B covalent bonding feature. On the other hand, there was no bond electron between Mg and B atoms, and the Mg atoms were found to be fully ionized and in the divalent state (Fig. 3(b) ). These characteristic density features were consistent with the calculated band structures indicating a two-band model [28] . Moreover, they examined the valence of the atoms by accumulating the number of electrons around a certain atom in the MEM density (see Fig. 5 ). The numbers of electrons at room temperature and 15 K were estimated to be 10.0(1)e and 10.0(1)e around the Mg atom and 9.9(1)e and 10.9(1)e around the boron 2D sheets, respectively. The values for the Mg atoms are very close to the number of electrons around Mg 2þ ions, so Mg atoms are fully ionized in the MgB 2 crystal at whole temperatures. On the other hand, the total numbers of electrons around boron 2D sheet show significant difference, which can be attributed to the valence of the whole boron 2D sheet changing from neutral to monovalent at 15 K. These results suggest that the electrons transfer from p bands (p z orbitals) to in-plane s bands (p xy orbitals) at 15 K. However, these results do not agree with the valence electron distribution at room temperature determined by Wu et al. using synchrotron X-ray and electron diffraction techniques [32] . They reported that two electrons from each Mg atom moved to the B plane. Therefore, the boron layer had the same number of valence electrons, and these electrons were mainly located in the p x p y orbitals between neighboring boron atoms. This disagreement is not yet resolved.
Electron-phonon (EP) coupling
The reported T c (39 K) in MgB 2 seems to be the upper limit within the framework of phonon-mediated BCS superconductivity. The BCS theory has shown the important roles of high-frequency phonons, and therefore low atomic masses, in producing high T c . From a fundamental point of view, the central issue of superconductivity in MgB 2 is whether the high T c in this new system can be understood within the framework of a conventional EP mechanism, or whether a more exotic mechanism is responsible for the superconductive pairing. The isotope effect, dHvA (de Haas-van Alphen) effect, Raman scattering and inelastic neutron and X-ray scattering (INS and IXS) are effective probes for detecting the contributions of phonon modes in superconductivity. Actually, many groups have reported the important role of phonons on this superconductivity. Several groups have calculated the phonon dispersion curve in MgB 2 and the phonon density of states (DOS) [27] [28] [29] [33] [34] [35] [36] . There are four distinct optical phonon modes with calculated energies in the ranges of 40-42 meV (E 1u , in-plane B and Mg displacements), 48-52 meV (A 2u , out-of-plane B and Mg displacements), 58-82 meV (E 2g , B in-plane bond stretching), and 84-86 meV (B 1g , B out-of-plane bond bending) at the zone centre (G point) in MgB 2 (see Fig. 6 ). From the generalized phonon DOS (GDOS) based on the Born-von Karman (BvK) model, the contribution of light B atoms to the most weight to GDOS at high energies was calculated. The calculations of the EP coupling constant indicated strong coupling of the electron to the E 2g optic phonon mode, while the coupling to the other optic phonon modes was weak.
In order to understand the role of phonons in superconductivity, the isotope effect is crucial information. The change of T c with isotope mass suggests that phonons may play an important role in superconductivity. The isotope effect coefficient, a, is defined by the relationship, T c / M Àa , where M is the atomic mass. The boron isotope effect was reported by Bud'ko et al. who performed susceptibility and specific heat measurements (see Fig. 7 ) [37, 38] . They reported that the increase of T c upon substituting 10 B for 11 B is 1.0 K, and the boron isotope effect coefficient, a B , is 0.26(3). This shift can be explained by the phonon-mediated BCS superconducting mechanism; therefore, the boron phonon modes play an important role in the pairing interaction. Hinks et al. reported that the estimated isotope effect coefficients for both B and Mg, a B and a Mg , are 0.30(1) and 0.02(1), respectively [39, 40] . These results show that the phonons involved in superconductivity are primarily boron phonons. The Mg phonons apparently contribute little to overall pairing. Although a is experimentally found to be close to 0.5 for a simple metal such as Hg, Pb and Sn, a obtained for MgB 2 is much less than 0.5, revealing strong-coupling superconductor.
The investigation of phonons in MgB 2 is important as they play a crucial role in the superconductivity. In order to understand the phonon contribution to superconductivity in MgB 2 , several groups studied the phonon DOS by means of INS measurements on polycrystalline Mg 11 B 2 [35, 36, 39, 41, 42] . The phonon DOS measured by each group are in agreement with the calculated phonon DOS (see Fig. 8 ) [34, 36, 42] .
The acoustic phonon modes existed up to 35 meV and optical modes also existed at higher energies of around 55, 70, 80, 90 and 100 meV. In particular, these optic phonon modes had a large width, which was due to the dis- [42] . The solid line shows the theoretical calculation from Ref. [43] . persion curve features of the optic phonon branches. Yildirim et al. reported that no substantial changes were found in the temperature dependence of the spectrum from 7 up to 200 K, while a very modest softening mode was observed at around 325 K [36] . In addition, they theoretically predicted that E 2g in-plane modes are strongly coupled to the planar B s bands near the Fermi level (see Fig. 9 ). Since the in-plane B motions change the boron orbital overlap, there is a significant splitting of the bands as well as shifts near the Fermi level, indicating strong EP coupling. Osborn et al. reported that the only difference in the temperature range between 8 and 100 K was a slight suppression of the peak at 54 meV below T c [35] . In a polycrystalline average, this change in phonon DOS is a very small effect, but it could still represent a significant change in an individual phonon branch. This mode at around 54 meV was ascribed to the E 2g phonon mode and it was predicted to have the strongest EP coupling [28] . On the other hand, Muranaka et al. reported that the integrated intensity of phonon DOS increases with decreasing temperature in the energy ranges of 75 to 80 meV and 87 to 91 meV, assuming a multiphonon contribution [42] . Since these energy regions were close to the energies of E 2g and B 1g phonon modes at the G point, they suggested that this behavior could be interpreted as evidence of a strong relationship between these phonon states and superconductivity. However, such conclusions by Osbron et al. and Muranaka et al. require the measurement of phonon dispersion curves using a single crystal in order to be substantiated. Since the available single crystals of MgB 2 were too small for INS measurements, IXS measurements were performed by two groups to obtain the phonon dispersion in MgB 2 and line width of phonons [44, 45] .
The line width (inverse of lifetime) of a given phonon is the sum of contributions both from EP coupling and unharmonic effects. Shukla et al. reported the phonon dispersion curves and line widths along G-A, G-M and A-L in the Brillouin zone (BZ) (see Fig. 10 ) [44] . The measured phonon dispersion curves were in good agreement with their calculations, and the measured intrinsic line width of the E 2g branch was strongly anisotropic in the BZ. Along G-A, the line width of E 2g was large, while near the L and M points, it was within the experimental resolution. They suggested that the dominant contribution to broadening for all modes was EP coupling, because the unharmonic contribution was much smaller compared to the EP coupling constants obtained from experimental results and theoretical calculations. On the other hand, Baron et al. reported the softening and broadening of the crucial E 2g mode in the region of the Kohn anomaly along G-M [45] . They reported the presence of a longitudinal mode along G-A near the energy range of the E 2g mode, which was not predicted by theoretical calculations.
Two-gap superconducting state
From band structure calculations and MEM density, MgB 2 reveals a metallic nature by the electrons transfer from p bands (p z orbitals) to in-plane s bands (p xy orbitals). Superconductivity in MgB 2 mainly occurs in s bands, but the contribution both from p and s bands is suggested by a huge amount of experiments. Although the superconducting gap size D of 2-5.9 meV (2D/k B T c ¼ 1:2-3.5) was reported, as determined by spectroscopic measurements assuming an isotropic s-wave symmetry gap [46] [47] [48] in an early stage, thelater experimental reports showed clear signatures for two-gap superconductivity.
The specific heat measurements provided direct experimental evidence of the presence of a second gap in MgB 2 [49] [50] [51] [52] [53] [54] . Bouquet et al. reported the temperature dependence of specific heat, C(T), under magnet fields [49, 50, 53] . In a zero field, deviations from the BCS curve were observed in the amplitude and sharpness of the specific heat jump, and the large excess weight near 0.2T c showed a robust feature (see Fig. 11 ). Similar features were observed by other groups. Yang et al. and Bouquet et al. noted that the exponential decrease of C(T) at low temperature is representative of a small gap, 1 $ 1.5k B T c . These unusual behaviors were consequences of the anisotropic band structure of MgB 2 . Two main bands cross the Fermi level. One consists of electrons and holes in the 3D band and represents $56% of the total DOS. The other consists of holes in the 2D band and represents $44% of the total DOS. These different types of carriers induce two gaps at T ¼ 0, D p $ 2 meV and D s $ 7 meV; both gaps disappear at the same T c [27, 55, 56] . The specific heat data were analyzed using the two-gap model (a model [57] ). The gap parameters estimated to be 2D p /k B T c ¼ 1:2 $ 1:3 and 2D s /k B T c ¼ 3:8 $ 4:3, which show good agreement with band calculations and other spectroscopic measurements.
Theoretically, in MgB 2 , superconducting gaps with significantly different magnitudes were expected to open the p and s bands, as a result of the strong k dependence of electron-phonon coupling [55, 56] . Because angle-resolved photoemission spectroscopy (ARPES) can observe the k-dependence of the superconducting gap, this technique is a powerful probe for measuring the superconducting gap both in p and s bands in MgB 2 . PES of a high-density polycrystalline sample [58] and ARPES of a single crystal [59] [60] [61] symmetry. In the surface band observed by Souma et al., the gap size was close to D s (6.0 AE 0.5 meV). Tsuda et al. reported that superconducting gap size are D p and D s to be 2.2 AE 0.4 and 5.5 AE 0.4 meV, respectively, with s-wave symmetry and both gaps closed at the same temperature (see Fig. 12(b) ) [59] . These behaviors indicate the existence of strong interband pairing interaction in MgB 2 . Moreover, other experimental reports in tunneling spectroscopy, and Raman scattering using polycrystalline samples or single crystals [62] [63] [64] [65] (see Fig. 13 ) presented clear signatures of two-gap superconductivity and offered the opportunity for comparison with theoretical predictions.
In general, T c and the superconducting gap in superconductors having 2 gaps are not so high and large because of strong interband scattering. However, in MgB 2 , it is considered that the relatively high T c and the large gap are maintained because the interband scattering between s and p bands is not so strong. Especially, it is pointed out that electron scattering in each band is different by Raman scattering [65] . Thus, MgB 2 is the first example of this model and opens up the possibility of interesting new phenomena.
Application
Since MgB 2 has the highest T c of approximately 39 K among metallic superconductors and sufficient chemical stability, it is expected to be a new candidate material for practical applications, such as in superconducting wires and thin films, with operation as high as 20 K, which can be easily attained using small cryocoolers or liquid hydrogen. For extensive application of MgB 2 wires, high critical current density, J c , must be achieved even in high magnetic fields. This means that a high-irreversibility field, H irr , and high J c in the irreversible region are required for wire applications, such as magnets for MRI, MCZ and MAGLEV trains. For thin film device applications, homogeneous superconducting properties with high T c and J c as well as clean surfaces are required. Expected fields of application for MgB 2 materials are displayed in Fig. 14 together with those for other superconducting materials.
The trials for enhancement of H c2 and J c in MgB 2 have been performed in single crystal, bulk, wire and thin film [66] [67] [68] [69] [70] [71] [72] [73] [74] . Two bands in MgB 2 (p and s bands) take part in not only the superconducting gap but also H c2 and its anisotropy (H // ab, H // c).
In single crystals, although T c is reduced by C-doping to B, H c2 is enhanced from $15 T to $30 T (@5% C-doping, T c $ 27 K) [66] . This mechanism is understood from the fact that anisotropy is reduced by the suppression of the superconducting gap in s bands and coherence length (x) by the enhancement of superconducting carrier scattering. On the other hand, H c2 is enhanced by the suppression of the coherence length caused by the induced defects during the fabrication process in bulk, wire and thin film.
Until now, one of the most effective methods for the enhancement of J c is synthesis adding of nano SiC particle [75] [76] [77] . MgB 2 wire added SiC reveals H c2 $ 30 T at 4.2 K and H c2 $11 T at 20 K, these values are more than equal to Nb 3 Sn wires. This mechanism in the addition of SiC is understood by the suppression of the coherence length by C-doping to B and the efficiency of the pinning center of the vortex can be improved by the existence of generated Mg 2 Si and unreacted SiC in a grain boundary. For application for superconducting magnets, field dependence of J c is the most important factor. The J c in MgB 2 tape added SiC reveals over 10 5 A/cm 2 at 20 K, 2 T, standard value at practical level, but J c is quickly suppressed by an increasing magnetic field, so, the ability of MgB 2 does not reach at practical level.
Making the wires of the km-class by the Powder-InTube (PIT) process and superconducting coils are performed and reported by many groups. The intense development race between Japan, the United States, and Europe is unfolded, and it has progressed rapidly. In 2005, Hitachi Ltd. and the National Institute for Materials Science achieved stability excitation of 1.5 T for a long time, driving the persistent mode, and maintenance of magnetic field for 12 hours leading the application to an MRI magnet [78, 79] S.p.A., and Paramed Medical Systems Inc. [80, 81] . In 2007, Central Japan Railway Company and Hitachi Ltd. succeeded in enlargement of MgB 2 coil (from diameter 30 to 500 mm) and magnetic levitation of 630 kg weight by a cryogenic-free MgB 2 magnet [82] .
For application to a superconducting coil, the PIT process is mainly used, and Columbus Superconductors, S.p.A. and Hyper Tech Research, Inc. produce a few kmclass MgB 2 wires with business base. However, fabrication of MgB 2 by the PIT process has some problems at this stage. One thing is J c under magnetic fields. C-doping to B by adding SiC is the most effective method but the ability does not reach at a practical level. Another thing is the low packing density by shrinkage during reaction. To solve this problem, for example, applying a high pressure process is tried, but we have to improve by new ideas in terms of making long-scale wires. Now, fabrication of MgB 2 wires by an internal Mg diffusion (IMD) process attracts attention [83] . The J c value at 4.2 K for the reacted layer exceeds 10 5 A/cm 2 at 9 T as shown in Fig. 15 , which is the highest report so far for MgB 2 wire, PIT processed wires [83] . These results indicate that the IMD process can compete in terms of practical wire fabrication with the conventional PIT process.
Future perspective
In terms of the development of new superconducting materials, the available contribution to application is the development of higher T c , especially an enhancement of T c by carrier-doping and lattice expansion etc.
The doping effect (Mg-site: Al, Li, Zn, Ni, Fe, Co and Mn, B-site: C and Be) has been reported to achieve enhancement of T c , but T c was reduced by other elemental substitution to increase carriers as shown in Fig. 16 [84] [85] [86] [87] [88] [89] . Because the carrier is a hole, T c is suppressed by decreasing the carrier in s bands though the density of state can be raised by other elemental substitution.
As for another approach (lattice expansion), the effect of deposition rate and layer thickness on the properties of epitaxial MgB 2 thin films grown by hybrid physical-chemical vapor deposition (HPCVD) on 4H-SiC substrates was reported [90] . The superconducting and normal-state transport properties, however, do not depend on the deposition rate, but rather on the MgB 2 film thickness. Larger film thickness results in higher T c , and higher RRR. At above 3000 A, the best values are T c ¼ 41:8 K, and RRR above 30. The films are under tensile in-plane epitaxial strain because the lattice parameter of a is slightly larger than the value of bulk MgB 2 and the lattice parameter c slightly smaller than the bulk value. Hur et al. have reported a higher-than-bulk T c in MgB 2 films on boron crystals and suggested that it is possibly due to tensile strain [91] . Yildirim and Gülseren have predicted an increase in T c by the c-axis compression by first-principle calculations [92] . This enhancement of T c in the thick MgB 2 film may be understood by phonon softening of the E 2g mode by comparison with ab initio calculation and Raman scattering measurements. The understanding of these thickness dependences may provide insights into ways to further increase T c in MgB 2 or other diboride systems.
Theoretically, high T c is predicted in virtual crystals (AuB 2 , AgB 2 , CuB 2 etc.) and in the substitution of the element with a difficult handling in the synthesis (Na, Li, Ca etc.) [93, 94] . However, these theoretical ideas are not realized. But, only the case of AgB 2 , Tomita et al. reported that a thin film sample deposited on MgO substrate (B/Ag--B/MgO substrate, B/Ag/MgB2/MgO substrate) revealed superconductivity at T c ¼ 6:7 K [95] . They reported that the superconducting phase was AgB 2 because the superconducting transition occurred in Ag--B binary compounds and only AgB 2 existed in Ag--B phase diagram. Its T c is not so high rather than that of the predicted T c , this observation may indicate one direction of contribution to the MgB 2 wire process.
Conclusion
After the discovery of superconductivity at 39 K in MgB 2 , of which T c has the highest record among the intermetallic superconductors, a huge number of theoretical and experimental investigations have been reported in a short period because of its unexpectedly high-T c . In the framework of BCS theory, the theoretical interpretation of this superconductivity focuses on the metallic nature of a layer formed by boron atoms and also on strong electron-phonon coupling caused mainly by the E 2g phonon mode (B in-plane bond stretching). The two-gap (on 2D s-band and 3D p-band) nature in MgB 2 has been confirmed from the results of several spectroscopic measurements, and MgB 2 is now recognized as the first material to be found that containing intrinsic multigaps. The entire scenario of superconductivity in MgB 2 has essentially been clarified.
As for the performance of a MgB 2 wire, the application for a cryogenic-free type equipment is thought, at 20 K and low field region. The magnet driving at $20 K cooling is an important conception that brings not only a great reduction in the cooling cost but also the improvement of the operation stability according to the increase of specific heat.
MgB 2 has opened up a new frontier of investigation of the physical properties of intermetallic superconductors. Now, one of the most exciting questions is "whether MgB 2 is merely a special example in compounds including p-electron elements". Because the "BCS limit" has been broken by the appearance of MgB 2 , the discovery of a new higher T c non Cu-oxide is strongly expected. Unidentified exotic high-T c superconductors may yet be waited to be found.
